Periostin is a secreted cell adhesion protein of relatively unknown function that has homology with the insect growth cone guidance protein fasciclin I (14, 28) . Periostin is thought to function as a homophilic adhesion molecule during bone formation and can support osteoblastic cell line attachment and spreading (10) . Purified recombinant periostin has been shown to be a ligand for ␣v␤3 and ␣v␤5 integrins promoting integrin-dependent cell adhesion and motility (8) . Multiple reports have also demonstrated elevated periostin levels in neuroblastoma (25) , in epithelial ovarian cancer (8) , and in non-small-cell lung carcinoma (25) that had undergone epithelial-mesenchymal transformation and metastasized. Moreover, it has been shown that periostin potently promotes metastatic growth of colon cancer by augmenting cell survival via the Akt/ protein kinase B pathway (1) . Periostin is also associated with extracellular matrix (ECM) deposition following myocardial infarction (27) and may be a factor responsible for ventricular dilation (11) .
The purpose of this study was to determine if periostin is critical for mouse development and to address what role it may play in the wide spectrum of tissues and pathological processes that have been linked to its expression. We also sought to clarify if the developmentally suggestive spatiotemporal regulation of periostin expression is actually required for tooth and heart morphogenesis. We have previously shown that periostin is a useful marker of mesenchymal cells that have undergone epithelial-mesenchymal transformation in the developing heart and is expressed in areas that divide the primitive heart tube into a four-chamber heart (15, 17) . Additionally, periostin expression remains in the adult valves (15) . Furthermore, we demonstrated that periostin is expressed in the developing teeth at the sites of epithelial-mesenchymal interaction and suggested that periostin could play multiple roles as a primary responder molecule during tooth development and may be linked to deposition and organization of other ECM adhesion molecules during maintenance of the adult tooth, particularly at the sites of hardsoft tissue interface (14) . Here we describe the generation and characterization of periostin null mice with a lacZ reporter gene (peri lacZ ). Rather unexpectedly, given its intriguing developmental expression, peri lacZ nulls are viable in utero and appear grossly normal at birth, suggesting that periostin may not be critical for early mouse development. However, there is a postnatal requirement for periostin, as there are defects in the adult periosteum, cartilage, cardiac valves, and periodontal ligament (PDL)-tissues that normally express periostin throughout adulthood. In this paper, we address the postnatal role of periostin and show that it is vital for maintenance of PDL structure and function during postnatal development.
MATERIALS AND METHODS

Gene targeting.
To generate peri lacZ knock-in mice, we screened a 129SvJ mouse embryonic stem (ES) cell genomic DNA library (Genome System Inc., St. Louis, MO) by PCR and identified a bacterial artificial chromosome (BAC) clone that contains the genomic DNA that codes for the periostin gene. BAC DNA was isolated using a large-construct purification kit (QIAGEN Inc., Valencia, CA), and Southern blots were used to confirm the identity and integrity of the clone. A replacement-targeting vector was constructed where the bacterial ␤-galactosidase gene was knocked into the periostin gene locus. The 5Ј homology arm, a 3.9-kb DNA fragment that contains all the 5Ј untranscribed region and promoter elements, was PCR amplified using a high-fidelity Thermal Ace DNA polymerase kit (Invitrogen, Inc., Carlsbad, CA). Primers used were as follows: sense (5Ј GCgtcgacCTAAGGTGGACAGTGCGGAAGAC-3Ј) and antisense (CctcgagCTTCAGCCCTGAGCTCCGTCC-3Ј). In the PCR, these primers were engineered to produce a 5Ј SalI site (in lowercase letters) and a 3Ј XhoI site (in lowercase letters), which enabled us to directionally clone the insert in frame with a promoterless IRES-lacZ-neo-loxP cassette (13) . The resultant vector expressed the lacZ reporter under the control of the periostin promoter. A 5.3-kb PstI 3Ј homology arm was cloned in frame into the 3Ј end of the floxed IRESlacZ-neo-loxP cassette. This resulted in a targeting vector where the translation start site and all of the first exon and ϳ300 bp of the first intron were deleted (Fig. 1A) . The complete targeting construct was cloned into the thymidine kinase-negative selection vector (13) . Genomic DNA was isolated from 88 ES clones that survived positive-negative selection using previously established protocols (13) . Southern hybridization on BamHI-digested DNA was used for both primary and secondary screening. Targeting was confirmed by a 214-bp 3Ј external probe (Fig. 1B) and a 400-bp 5Ј internal probe. The 3Ј external probe (exon 4) was used as the primary screen where the wild-type allele (12 kb) can be easily distinguished from the targeted allele (7.5 kb). The blots were then stripped and reprobed using the 5Ј internal probe, which gives a wild-type allele (12 kb) that could be easily distinguished from the targeted allele (4.5 kb). Seven correctly targeted ES clones were identified, and three were used to generate chimeras using standard protocols. Chimeras were subsequently bred with C57BL/6 mice, and tail DNA analyzed by Southern blotting was used to identify FIG. 1. Construction of the targeting vector and generation of peri lacZ knock-in mice. (A) The targeted mouse locus (top line) flanking exons 1, 2, and 3 are shown. A promoterless IRES-lacZ-neo-loxP cassette was inserted into exon 1 in the targeting construct (middle line), and the resulting targeted allele is shown (bottom line). TK, thymidine kinase. Both Southern blotting (B) and PCR genotyping (C) were used to identify the correctly targeted ES clones and to genotype the ϩ/ϩ, ϩ/Ϫ, and peri lacZ null mice. (D) Western blot analysis of periostin protein revealed that there is a complete absence of periostin expression in the newborn nulls and that the heterozygous mutants express only ϳ30 to 50% of the normal levels of periostin protein. (E and F) Whole-embryo staining of lacZ expression in E14 heterozygous and E16 peri lacZ null mice. Note widespread expression, particularly within the peripheral nervous system, craniofacial region, dermis of the skin, and body cavities. However, lacZ expression is absent in the fetal liver and restrictively expressed in the central nervous system, as staining is only within the olfactory lobe and the choroid plexus (F).
periostin heterozygotes. These were subsequently interbred to generate homozygotes within the C57BL/6 background.
Mouse breeding. Mice were weaned at 3 weeks of age and were then fed distilled water and either NIH-31 complete mouse diet pellets or powdered Teklad LM-485 complete mouse diet (both contain the same ingredients and crude protein, fat, and fiber contents; Harlan). Mice were maintained under specific-pathogen-free conditions with a cycle of 12 h of light and 12 h of dark. The animal use protocols were approved by the Institutional Animal Care and Use Committee at IUPUI (study no. 2707).
PCR genotyping. Genotyping was determined by PCR analysis (Fig. 1C ) of genomic DNA with primers p01 (5Ј-AGTGTGCAGATGTTTGCTTG-3Ј) and p02 (5Ј-ACGAAATACAGTTTGGTAATCC-3Ј) to detect the wild-type allele (ϳ300 bp) and primers p01 (5Ј-AGTGTGCAGATGTTTGCTTG-3Ј) and p03 (5Ј-CAGCGCATCGCCTTCTATCG-3Ј to detect the targeted allele (ϳ700 bp).
Reverse transcription-PCR. cDNA was synthesized from RNA isolated from ϩ/ϩ, ϩ/Ϫ, and peri lacZ null embryonic day 13 (E13), newborn, and adult pooled tissues (n ϭ 6 individuals per sample) using a Superscript-II kit (Invitrogen) with 5 g RNA and oligo(dT) primer. Dilutions of cDNA (1:30 to 1:100) were amplified with specific periostin primers and normalized with GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as described previously (4, 15) .
Western blotting of tissue extracts. PCR-genotyped mouse embryonic, newborn, and adult tissues were isolated and microdissected in cold phosphate-buffered saline (pH 7.4), and protein was isolated as described previously (14) . Samples were normalized using a monoclonal anti-proliferating cell nuclear antigen antibody (DAKO) at a 1:10,000 dilution, and the relative levels of periostin were measured by use of our affinity-purified antiperiostin rabbit polyclonal antibody at a 1:10,000 dilution as described previously (14) .
lacZ and skeletal analysis. Tissue isolation, fixation, and processing for lacZ staining was carried out as described previously (13) and was done similarly for skeletal Alcian blue/Alizarin red staining (15) .
Preparation of histological sections. Heads, limbs, and ribs from ϩ/ϩ and peri lacZ null mice were dissected and fixed in 4% paraformaldehyde at 4°C overnight and processed for paraffin sectioning (6 m). Embryonic and fetal samples were then dehydrated, embedded in paraffin, and sectioned at a thickness of 6 m for hematoxylin and eosin (H&E) staining according to standard procedures (9, 14) . Adult samples were initially demineralized in a 10% EDTA solution (Sigma, St. Louis MO) over 3 weeks and then dehydrated, embedded in paraffin, and sectioned. Safranin-O staining was used to visualize proteoglycans (31) .
Immunohistochemistry. Immunostaining of periostin (1:6,000 dilution), ␣-smooth muscle actin (␣SMA) (1:5,000 dilution; Sigma, St. Louis, MO), collagen types I and III (1:1,000 dilution for each; a gift from Larry Fisher, NIH/NIDCR), MF20 (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City), enamelin, ameloblastin, and amelogenin (1:2,000 dilution; a gift from Jan Hu, University of Michigan) was performed on paraffin sections as previously described (14) . Immunological reactions were visualized by use of a Vector ABC kit and a peroxidase-diaminobenzidine reaction. Sections were counterstained with hematoxylin and mounted on glass slides. Negative controls were obtained by substituting the primary antibody with serum. For tartrate-resistant acid phosphatase (TRAP) staining, a commercial kit (Sigma, St. Louis, MO) was used according to the manufacturer's instructions. TRAP activity was detected by use of naphthol AS-TR phosphate containing 10 mM L-(ϩ)-tartaric acid as the substrate. These sections were also counterstained with hematoxylin.
Fertility of female peri lacZ null mice. Eight-to 12-week-old female ϩ/ϩ, heterozygous, and peri lacZ null mice (n ϭ 10 for each genotype) were subjected to a continuous mating study. Two female mice were housed with one 10-weekold male mouse that was known to be fertile, and male mice were rotated weekly. Cages were monitored daily, and the numbers of pups and litters were recorded. Superovulation was induced in 3-week-old immature ϩ/ϩ and peri lacZ null females. Essentially, mice were injected with single intraperitoneal injections of 5 units of pregnant mare serum gonadotropin (Sigma) for 48 h followed by injections of 5 units of human chorionic gonadotropin (Sigma) for a further 18 h. Ovaries and oviducts were harvested and analyzed histologically as described above.
Backscatter scanning electron microscopy (BSEM). Specimens from wild-type and peri lacZ null littermates at ages from 1 day to 5 months were fixed as described above, washed, and dehydrated. After dehydration, the specimens were attached to a stub and sputtered with gold/palladium. The gold/palladiumcoated specimens were examined by use of a FEI/Philips XL30 field emission environmental scanning electron microscope (SEM). For the cross-sectional analysis after dehydration in ascending concentrations of ethanol, the teeth were fractured under a dissecting microscope and mounted on aluminum stubs with the fractured surface facing upward, sputter coated with Au-Pd, and examined with a field emission SEM.
TEM.
Transmission electron microscopy (TEM) sample isolation, fixation, and processing were carried out as previously described (13) . Briefly, tissues were examined using a Philips CM12 scanning TEM (STEM). For tissues, bone specimens were fixed with 4% paraformaldehyde and 2% glutaraldehyde solution buffered at pH 7.4 with 0.1 M sodium cacodylate for 8 h at room temperature. The specimens were then washed and dehydrated in an ethanol series, embedded in Polybed 812 resin (Polyscience, Warrington, PA), polymerized for 72 h at 60°C, thin sectioned with a Sorvall MT 5000 ultramicrotome (Sorvall, Norwalk, CT), and mounted on copper grids. The sections were stained with uranyl acetate and lead citrate and viewed with a FEI-Philips SM12 STEM (Hillsboro, OR).
Measurement of postnatal growth parameters and histomorphometry. Sequential measurements of weight and body dimensions were made every 2 weeks, and detailed long bone and rib measurements were made following skeletal Alcian blue/Alizarin red staining (5) 
RESULTS AND DISCUSSION
Generation of peri lacZ knock-in mice. The periostin gene was disrupted by homologous recombination using the strategy described above to generate ϩ/Ϫ peri lacZ mice (Fig. 1 ). These mice were indistinguishable from ϩ/ϩ littermates in gross appearance, fecundity, weight gain, and histological organ surveys into advanced ages. Heterozygote intercrosses and timed pregnancies produced embryos (E9 to 18.0) with roughly Mendelian ratios of ϩ/ϩ (n ϭ 96), ϩ/Ϫ (n ϭ 206), and Ϫ/Ϫ (n ϭ 87) offspring (n ϭ 50 litters). Furthermore, newborn ϩ/ϩ (n ϭ 101), ϩ/Ϫ (n ϭ 197), and Ϫ/Ϫ (n ϭ 82) offspring were also born at similar ratios with an average litter size of 6.9 (n ϭ 55 litters). This deletion removed the DNA encoding the translation start site and all of the first exon and ϳ300 bp of the first intron of the periostin sequence, replacing it with the bacterial ␤-galactosidase reporter gene. Thus, homozygous embryos carrying two copies of this lacZ-neo cassette are null for the periostin gene. Reverse transcription-PCR analysis of mRNA prepared from E13 embryos and newborns showed a ϳ50% reduction in periostin expression in the heterozygotes and a complete absence in the peri lacZ nulls (data not shown). This absence was confirmed by Western blotting for newborns ( Fig. 1D ) and immunohistochemistry for adult heads and E14 placentas ( Fig. 2) , demonstrating that periostin protein is undetectable in mutants and there is a ϳ50 to 70% decrease in protein levels in heterozygotes (Fig. 1D) . Furthermore, as neither Western nor immunohistochemical analysis detected any secreted periostin protein within either the null placentas or embryos, maternal-to-fetal transfer of periostin does not occur. As there is no apparent compensatory increase in periostin levels produced from the normal allele in heterozygous mice and since they are indistinguishable from their wild-type littermates, the ϳ50 to 70% reduction in protein does not appear significant enough to cause obvious defects.
Null pups appear grossly normal. Newborns or 1-week-old pups homozygous for the absence of periostin could not be distinguished visually from wild-type littermates by gross appearance (Fig. 3A) , size, or weight (n ϭ 29; 2-day-old ϩ/ϩ mice were 3.34 Ϯ 0. 1E and F) revealed that they were also indistinguishable between the heterozygous and null mice in utero and that they recapitulated the patterns for endogenous mRNA expression (4, 17) . Furthermore, histopathologic examination of cardiac valves, teeth, umbilical vessels, placenta, and periosteum around the skeletal elements (the major in utero sites of periostin expression) did not reveal any morphological abnormalities (data not shown). We also used both Alizarin red/Alcian blue bone/cartilage staining ( Fig. 1C) and radiography ( Fig. 3A) to analyze the knockout skeleton, as the outer bone surface is covered by the fibrocellular periostin-expressing periosteum containing osteoblasts, osteoclasts, and other bone deposition/resorption/maintenance factors. However, neither technique revealed any differences (absences, malformations, or extra elements) in the null newborns. The fact that the numbers of skeletal elements and their arrangement have not changed indicates that the absence of periostin from the periosteum/osteoblasts does not alter the early determinants of the pattern formation process but rather may be involved in subsequent growth, maturation, and maintenance and/or repair of individual elements. The lack of any in utero phenotypes despite the robust expression in the embryonic and fetal periosteum, cardiac valves, placenta, and periodontal ligament tissues is somewhat surprising and suggests either that periostin is not required in utero or that the role of periostin is compensated for by another gene. Indeed, there is another closely related secreted fasciclin-containing adhesion molecule in mammals called transforming growth factor-induced clone H3 (␤igH3). Furthermore, both genes are induced by transforming growth factor signaling and are coexpressed in a number of embryonic tissues (6, 17) , although their postnatal expression patterns are more divergent. Further studies will be needed to address potential genetic compensation and/or possible interaction of these two fasciclin-containing adhesion genes.
Postnatal lethality in some peri lacZ null mice. Although heterozygote intercrosses gave rise to newborn litters with roughly normal Mendelian ratios, ϳ14% of the nulls died within 2 to 3 weeks of birth. Genotyping of 4-to 6-month-old litters (n ϭ 194 litters) revealed there were fewer peri lacZ nulls (n ϭ 239) than ϩ/ϩ mice (n ϭ 325) or ϩ/Ϫ mice (n ϭ 638) and that 40 Ϫ/Ϫ mice (n ϭ 24 male and 16 female) had died, indicating
FIG. 2. Immunohistochemical analysis of periostin expression in null mice. (A and B)
Periostin protein is highly expressed within the 4-month-old wild-type craniofacial structures (A), particularly in the PDL as well as around the skull and in the periosteum. Note that while periostin is highly expressed in the wild-type PDL (B) but barely detectable in the tongue ("T" in panel A), ␣SMA is expressed only weakly in PDL but is highly expressed in the tongue. However, there is no detectable periostin protein present throughout the entire peri lacZ null head, but ␣SMA (a positive control to ensure that the protein was intact) is normally expressed. (C) Since periostin protein can be secreted, the patterns of expression in the E14 placenta were analyzed. While periostin protein is confined to the normal fetal heart, embryonically derived umbilical cord, chorionic plate, and larger blood vessels in the labyrinthine part of the placenta, ␣SMA is highly expressed through all the smooth muscle cells of the labyrinthine part of the control (ϩ/Ϫ) and peri lacZ null fetal placentas. However, periostin protein is absent from the null placenta (arrow), even though the mother is heterozygous and expresses secreted periostin.
periostin is required postnatally. Given our previous demonstration of robust periostin expression throughout valvulogenesis and in the adult heart (15), we analyzed the nonviable preweaning peri lacZ hearts. Large acellular deposits of ECM that resulted in discontinuities in the valves were present in the valve leaflets, and there were ectopic islands of ␣SMA-positive cells present in null leaflets (data not shown; detailed characterization of cardiovascular anomalies in follow-up paper). Given the size and position of these deposits and the inappropriate smooth muscle cells, it is likely that valvular insufficiency is the cause of perinatal lethality in this subpopulation of peri lacZ null mice. Postnatal growth defects of peri lacZ null mice. Growth retardation was detectable 3 to 4 weeks after birth, and peri lacZ adult mice were consistently smaller than ϩ/Ϫ and ϩ/ϩ littermates (Fig. 3B) . The decline in null growth rates occurred around weaning, and dwarfism remained throughout the life of mice. On average, both the male and female adult nulls weighed ϳ50% less (n ϭ 20; 12-week-old ϩ/ϩ males were 33. (Fig. 3) . Coronal comparison of the adult skulls demonstrated that the adult null skulls are ϳ7% shorter and ϳ15% narrower than those of its ϩ/ϩ littermates (n ϭ 7 ϩ/ϩ and 9 Ϫ/Ϫ male 4-month-old mice). When undersized ribs and forelimbs from peri lacZ nulls were compared to those from ϩ/ϩ littermates, it was found that the peri lacZ null ribs are ϳ22% narrower in diameter and ϳ12% shorter in length, while the null scapular (ϳ23%), humerus (ϳ16%), ulna (ϳ11%), and radius (ϳ11%) are also all reduced in length (n ϭ 7 ϩ/ϩ and 9 Ϫ/Ϫ male 4-month-old mice). Histological examination of adult null ribs (Fig. 3G ) revealed that the cartilaginous growth plates were reduced in area and that there were fewer trabeculae present than in normal littermates. Similarly, adult null limbs (Fig. 4B , lower panels) also exhibited reductions in the cancellous bony trabeculae network. Significantly, periostin protein is highly expressed both in the outer periosteum, which gives rise to the bone collar covering all skeletal elements, including cancellous bone, and within the inner endosteal osteoblasts that secrete the vascularized bone-specific matrix (Fig. 4A) . Detailed analysis of the skeletal preparations also revealed that in contrast to the newborns, 100% of the 4-month-old male and female peri lacZ null alveolar bone adjacent to the incisors showed signs of abnormal remodeling, which was subsequently confirmed by radiography. This further highlighted a postnatal requirement for periostin gene function.
As zebra fish periostin is required for the adhesion of muscle fiber bundles to the myoseptum (analogous to the mammalian tendon) and for the differentiation of muscle fibers (16) , and given the dwarfism/skeletal dysplasia, we used histology and TEM to assess the periosteum and adhesion of muscle fiber bundles to bones and adjoining muscles. Both revealed that the periosteum is present and intact around the null bones and, unlike what is found for zebra fish, mouse periostin is not FIG. 3 . peri lacZ knockout postnatal growth retardation and skeletal defects. Newborn (A) and adult (B) mice. Note that all three genotypes are indistinguishable among the 1-day-old mice (n ϭ 55 litters) but that the 4-month-old adult peri lacZ null mice are significantly smaller (ϳ15 to 30%) and weigh less (ϳ50%) than their wild-type (ϩ/ϩ) and heterozygous (ϩ/Ϫ) littermates (n ϭ 29 litters). (C to I) Alizarin red/Alcian blue staining of the skeleton of ϩ/ϩ and null (Ϫ/Ϫ) newborns (C to E) and 4-month-old adults (F to H) after skin removal. (C) Lateral view of intact newborns; note that the nulls are identical in size and structure to their normal littermates. Close-ups of the craniofacial region (D) and forelimbs (E); note that there are no differences in lengths and diameters between newborn genotypes. (F) Coronal comparison of the adult skulls; note that the null skulls are ϳ7% shorter and ϳ15% narrower than those of ϩ/ϩ mice (n ϭ 7 ϩ/ϩ and 9 Ϫ/Ϫ male mice). Similarly, Alizarin red/Alcian blue staining of ϩ/ϩ and null adult ribs (G) and sternums (H) illustrates skeletal anomalies within the nulls. Note that the null ribs are ϳ22% narrower in diameter and 12% shorter in length and that periostin expression is absent from the periosteum (indicated by ‫)ء‬ around the null sternum. Additionally, H&E staining revealed that the adult null cartilaginous sternal growth plates were reduced in area and that there were fewer trabeculae present than in normal littermates. In contrast to what was observed with newborns, adult forelimbs (I) from peri lacZ nulls are undersized relative to those from littermates, as null scapular (ϳ23%), humerus (ϳ16%), ulna (ϳ11%), and radius (ϳ11%) are all reduced in length (n ϭ 7 ϩ/ϩ and 9 Ϫ/Ϫ male mice). (Fig. 5) . As it is also well known that hypogonadal, hypothyroid, and pituitary-deficient mice exhibit postnatal growth deficiency, we examined peri lacZ and periostin antibody expression in these tissues. Periostin was not expressed in the gonads, thyroid glands, or pituitaries. These organs all had normal histology (data not shown), suggesting that growth retardation is unlikely to be due to lack of growth hormones or to defects in the organs that secrete them. periostin null females are infertile. As both viable peri lacZ null male and female adult mice were obtained, we examined their reproductive capabilities. Significantly, while the growthretarded male nulls were fertile, the runted peri lacZ null females were unable to become pregnant (even with wild-type males proven to be fertile). Histologically, the ovary, oviduct, and uterus all looked normal but were proportionally undersized. The peri lacZ null females did get plugged (although irregularly), and the uterus could undergo a proliferative phase, but the vaginal plug persisted abnormally for up to 3 days (n ϭ 16 mice). When the uteruses of peri lacZ null female mice were harvested 6 to 10 days after plug detection and sectioned, we failed to detect any implantation sites or embryos. Additionally, when E2 to 3 oviducts of plugged null mice were sectioned, both two-cell and four-cell zygotes could be found (Fig. 6B) . To gain further insight into the infertility, we induced superovulation with exogenous gonadotropins in immature ϩ/ϩ mice and peri lacZ nulls to determine oocyte production. The superovulated ϩ/ϩ mouse and peri lacZ null ovaries were similarly enlarged, and the numbers of primordial primary and antral follicles as well as of corpora lutea were proportionally equivalent (not shown), suggesting that hormonal response and ovarian folliculogenesis is intact. To determine whether the infertility and plug anomalies involve an abnormal estrous cycle, vaginal smear samples were taken daily from ϩ/ϩ mice and peri lacZ nulls at 10 weeks of age for 1 month (n ϭ 6 of each genotype). We found that the peri lacZ null mice failed to cycle (Fig. 6D) , while the wild-type mice reached metestrus approximately every 7 days (Fig. 6C) . Thus, the lack of normal estrus cycling may contribute to the infertility. Note that the mice were group housed, and it is known that group-housed mice have longer estrous cycles than individually housed mice (32). peri lacZ nulls exhibit an early-onset periodontal disease-like phenotype. The PDL, situated between the cementum covering the root of the tooth and the bone forming the socket wall, contains at least two lineages of fibroblasts: common connective tissue fibroblasts and osteoblast-like fibroblasts (20) . The PDL not only connects the tooth to the jaw bone but also supports the tooth in the socket and absorbs loads imposed on the tooth, thus protecting the tooth, especially at the root apex. Previous immunohistochemistry studies revealed high levels of periostin expression in the PDL, indicating that the periostin protein is present in the extracellular matrix and is possibly secreted from periodontal fibroblasts (10, 14) . It was later found that the periostin mRNA-expressing cells are mainly fibroblastic cells in the PDL and osteoblastic cells on the alveolar bone surfaces (30) . In addition, previous studies have reported that without tooth movement, the expression of periostin mRNA is uniformly observed in the PDL. However, periostin mRNA has been found to be up-regulated more in the pressure sites than in the tension sites after mechanical stress during experimental tooth movement (30) .
To study the effects of loss of periostin on craniofacial mor- 
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periostin NULL MICE EXHIBIT DWARFISM AND OTHER DEFECTS 11137 phogenesis, we confirmed that periostin is highly expressed in the wild-type PDL but absent in the nulls (Fig. 2B) . Spatiotemporal analysis of the heterozygous peri lacZ expression patterns throughout craniofacial development revealed that, like endogenous mRNA expression (14) , high-level lacZ expression is present. Specifically, peri lacZ is asymmetrically expressed in the lingual/palatal and buccal sides during the early epithelialmesenchymal interactions. peri lacZ is also present in dental papilla cells and in the transdifferentiating odontoblasts during the bell-and hard-tissue-formation stages of tooth development. Immunohistochemistry confirmed the localization, while Western blotting indicated that periostin protein is very stable, since levels remained high in the wild-type adults (data not shown).
At birth, the peri lacZ null mice (n ϭ 10) appear to have normal developing teeth and periodontia (Fig. 7A) . However, at 4 weeks the fully erupted molars in the null mice display widening of the PDL, and the roots show signs of resorption. By the time the null mice reach the age of 3 months (n ϭ 13), their periodontium appears dramatically affected, with distinct radiographic signs of alveolar bone destruction and external root resorption (Fig. 7B) . Histologically, the periodontal defects are clearly evident, and a significant increase in osteoclast activity is seen in the periodontium of null mice, as shown by TRAP staining (Fig. 7C, D, and E) .
Histological analysis of the PDL revealed a dramatic level of inflammatory infiltrate in the null mice (Fig. 7F) . Interestingly, the inflammatory response cellular population is composed mainly of neutrophils, with fewer lymphocytes and plasma cells present (Fig. 7G) . Overall, the inflammatory response appears to lead the PDL to undergo local conversion to granulation tissue. In fact, collagen III immunostaining supports this suggestion by showing increased signaling in the null mice that localizes within areas of the root and alveolar bone surface, which appear to be undergoing a repair attempt (Fig. 7H) . Since collagen III is the primary component of early granulation tissue and has been associated with wound healing, this increase may represent the formation of scar tissue (26) . We speculate that the nature of the stimulus that triggers the initial inflammatory response is traumatic. These continuous traumatic events might start with the eruption and consequent establishment of an occlusal relation between the mandibular and maxillary teeth.
Radiographic and histological evaluation of the dental and periodontal status of the periostin null mice led us to define this condition as a rapidly progressive periodontitis-like disorder; its early appearance and apparent predisposition due to a structurally unstable PDL points out the requirement for periostin protein in the establishment of a biochemically stable PDL. In addition, foreign particles, such as hair shafts, can be observed in the peri lacZ null PDL. These observations suggest that the peri lacZ null PDL fails to establish a biological barrier between the oral cavity and the periodontium. Whether this is due to the loss of the PDL's mechanical properties due to the lack of periostin or is a secondary effect due to the dramatic vertical bone loss is currently unknown. peri lacZ nulls have a severe incisor enamel defect. The distribution of cell adhesion molecules and substrate adhesion molecules as potential regulatory factors in tooth development has been a subject of increasing interest. Periostin, a cell adhesion molecule that has been found to be preferentially expressed in the PDL, was reported to be ligand for ␣v␤3 and ␣v␤5 integrins and to promote ␣v␤3 and ␣v␤5 integrin-dependent cell adhesion and enhance cell motility (8) . Interestingly, integrins appeared to be involved in the interaction of PDL and gingival fibroblasts with the enamel matrix protein (29) . VOL. 25, 2005 periostin NULL MICE EXHIBIT DWARFISM AND OTHER DEFECTS 11139
Unlike those of other mammals, rodent incisors are continuously erupting throughout adult life, with a highly active enamel-producing organ positioned in the future facial incisor surface. This unique rodent characteristic allows us to evaluate the effects that periostin has in the developing incisor under conditions of occlusal mechanical stress. Radiographic evaluation of the peri lacZ null mice (n ϭ 18) revealed a severe incisor enamel defect that progressively deformed the entire facial enamel surface of the mandibular and maxillary incisors (Fig. 8B and C) . Although radiographically there appears to be no difference between the peri lacZ null mouse incisor and the control incisor during the first 3.5 weeks and prior to weaning, the initial clinical gross manifestation in the null incisor enamel resembles a hypoplastic-like condition characterized by a less translucent enamel surface and by a decrease in the incisor's mesial-distal area, which leads to the presence of a mandibular incisor interproximal space in the periostin null mice (Fig. 8A) . By 5 months, the enamel defects have worsened, and a highly radiopaque deformed surface that extends from the apex towards the incisal edge can be clearly detected radiographically ( Fig. 8B and C) . Further analysis of the incisors by use of BSEM highlights the abnormally worn incisal edge and the deformed and cleft enamel surface on the peri lacZ null incisors (Fig. 8D) . Analysis of the cross-sectional view of the enamel and dentin structure using secondary SEM shows a well-defined enamel prism organization in the wild type (Fig. 8) . In contrast, the peri lacZ nulls exhibit a much thinner enamel layer with an irregular and ill-defined pattern (Fig. 8F) .
Histologically, the wild-type adult mice present a well-organized ameloblast layer composed of a polarized cylindrical simple epithelium. In contrast, the peri lacZ nulls display a disorganized pseudostratified epithelial layer which appears to produce an amorphous matrix that covers the dentin and is also present ectopically within this matrix-producing organ (Fig. 9A) . Although the abnormal peri lacZ null enamel epithelium has lost its normal ameloblast characteristics, it continues synthesizing amelogenin, an ameloblast-specific marker (Fig. 9B) . TEM visualization of the ameloblast from peri lacZ nulls shows clusters of epithelial cells containing secretion FIG. 8 . Incisor enamel defects in peri lacZ null mice. (A) Incisor phenotype. A mandibular facial view of young 3-week-old incisor teeth from the wild type shows the typical translucent appearance of enamel that is reflected through the enamel layer on its surface. The dentin has a yellowish color. In contrast, the null incisors appear thinner and present a mesial interproximal gap (arrow), and their enamel layer appears less translucent, which gives a mild opacity to its surface. Brackets indicate reduced incisor width. (B) Radiographic view of the mandibular periapical region shows the progression of the enamel defect from day 7 to 5 months of age. (C) Radiographic view of the maxillary incisor at day 7, where no apparent defect is detectable in the peri lacZ null mice, and of that of the 5-month-old (5m) peri lacZ null mice, which displays a complete deformation of the enamel surface that affects the incisor from the apex to the incisal edge. Notice the anterior progression of the defect that is initially detected at 1 month. (D) Backscatter SEM images of 3-month-old maxillary incisors show clefting of the enamel surface in the periostin null incisors (indicated by arrows). E, enamel surface; D, dentin surface; WT, wild type; KO, knockout. (E) Coronal sections from the wild-type incisor show the typical enamel prism structure pattern. (F) In contrast to the wild type, the peri lacZ null mice exhibit an abnormally thin enamel layer with an apparent amorphous and irregular prism pattern. For panels D, E, and F, boxed regions in left panels are shown at higher magnification to the right. granules, which are characteristic of functionally active ameloblast cells (Fig. 9C) . We confirmed the presence of normal enamel proteins within the ectopic matrix structures by use of antibodies against amelogenin, enamelin, and ameloblastin ( Fig. 9D to G) . In addition, we detected calcium and phosphate within these ectopic structures by use of energy-dispersive X-ray spectroscopy (EDS) in plastic-embedded and highly polished specimens (Fig. 9H) . The mineral intensities in these structures were similar to those in normal dentin. The same measurements were acquired for the peri lacZ null enamel layer and dentin. Interestingly, the spectroscopy readings revealed no significant difference in calcium and phosphate intensities in the enamel matrix from the two groups; however, obvious structural defects were visible in the dentin matrix of the null mice ( Fig. 9I and J) . In addition, EDS measurements and backscatter images of dentin ( Fig. 9I and J) indicate a hypermineralization of the peri lacZ null mouse dentin which, together with the observed obliteration of the incisor canals, might be induced in an attempt to compensate for the presence of a structurally unstable enamel layer.
The fact that these ameloblast defects occur only postnatally (as the newborn and 2-week-old null ameloblast layer shows no defects and has an intact basement membrane) probably explains why we do not see any enamel incisor defects during the first 3 weeks. This suggests that when the teeth erupt and start undergoing constant mechanical stimulation during feeding, the lack of periostin affects the structural integrity of the already differentiated enamel-producing organ, and it is this perturbation that results in the abnormal deposition of the enamel matrix. In support of this are our observations that the molars show no signs of enamel or dentin anomalies within the crown, as these developed while the teeth are unerupted and thus were protected from any significant mechanical stresses. Similarly, analysis of both amelogenin knockout (7) and overexpressor (21) mutant mice that have a hypoplastic enamel lacking the normal prism structure supports the idea that alterations to the ECM can be reflected as defects in the structural organization of enamel. Thus, these data suggest that initial peri lacZ null ameloblastodontoblast interactions take place normally and that the basement membrane is intact in newborn nulls, but that postnatally there is a lack of enamel organ integrity. In addition, the dentin in the null mice appears brighter, which indicates a high degree of mineralization compared with that in the wild type. Bars, 50 m. (K) EDS readings from five different areas within the dentin matrix support the backscatter findings, indicating a significant increase in calcium and phosphate intensities in the peri lacZ null dentin over those in the wild-type control. However, despite the described enamel defects, no significant difference in calcium and phosphate intensities within the enamel was detected using EDS.
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Feeding nulls powdered food rescues female infertility and ameliorates null skeleton, enamel, and dwarfism defects. Given the severely reduced postnatal body weight, undersized skeleton, female-only infertility, and craniofacial remodeling defects, we wondered which of these various defects were primary and which might have been secondary and due to malnourishment postweaning. Thus, in order to test whether any of these observed phenotypes were due to an inability to eat properly, age-matched homozygous null littermates were either placed on a soft powdered diet or maintained on standard pellet chow for 6 months following weaning (n ϭ 47 nulls; 27 on powdered and 20 on regular chow). Significantly, decreasing mechanical stress via feeding soft chow tended to ameliorate the characteristic null incisor defects and grossly rescued the cancellous trabecular bony network within the long bones. Radiographic, histologic, and BSEM analysis of 6-month-old null femurs from mice fed powdered chow have grossly normal trabecular bone indistinguishable from that of wild types, which is in contrast to results for null littermates fed standard chow (Fig. 10A to C) . Similarly, radiographic analysis of their craniofacial elements revealed that only peri lacZ nulls fed standard chow exhibit complete deformation of the enamel surface, but that the nulls fed powdered chow exhibit only mild clefting of the enamel surface ( Fig. 10D and E) . Body weights (4-month-old standard-fed ϩ/ϩ mice were 34.8 Ϯ 1.40 g [P Ͻ 0.005]; standard-fed Ϫ/Ϫ mice were 21.0 Ϯ 0.61 g [P Ͻ 0.005]; Ϫ/Ϫ mice fed powdered chow were 28.8 Ϯ 0.75 g [P Ͻ 0.005]) and femur and tibial lengths (standard-fed ϩ/ϩ and Ϫ/Ϫ mice fed powdered chow were similar in this regard, while standard-fed Ϫ/Ϫ long bones were ϳ11% reduced in length) of the nulls fed soft chow also improved. Most significantly, some of the female nulls fed powdered chow were capable of carrying and delivering pups following mating with both wild-type and null males, although with reduced fecundity compared to that of wild-type females fed the standard pellet diet (3.1 Ϯ 0.6 litters per ϩ/ϩ female versus 1.7 Ϯ 0.5 litters per powder-fed Ϫ/Ϫ female over 12 weeks, but average litter sizes were similar: 8.0 Ϯ 2.5 pups for ϩ/ϩ females and 7.5 Ϯ 3.1 pups for nulls). These results indicate that reduced mastication not only dramatically improves peri lacZ null postnatal craniofacial maturation but also indirectly improves growth and fertility. Thus, despite the fact that periostin is transiently expressed in the uterine endometrial lining at the time of implantation and that periostin itself can be induced by progesterone (3), these data show that periostin itself is not required for mouse fertility but may be a useful marker in the investigation of the physiological events leading up to implantation in both normal and malnourished pregnancies. Furthermore, the amelioration of null skeleton and dwarfism defects suggests that the postnatal role of periostin within the periosteum may be redundant and certainly is not a major requirement during bone growth and maintenance. Further studies are under way to determine whether the loss of trabecular bone is due to abnormal remodeling secondary to reduced osteoblast numbers and function, perturbed osteoblast/osteoclast dynamics or lack of bone maintenance or is simply an endocrinological response to vitamin, nutrient, and/or mineral deficiency(ies). However, periostin may play an active role in repair of bone fractures, as the mature periosteum is also thought to house the osteoprogenitor cells that are responsible for bone repair. In support of this, periostin has been shown to be a specific marker of preosteoblasts and could play an important role in periosteal callus formation during the early stage of fracture healing (19) . Periostin is required to cushion and mediate mechanical forces. Mechanical forces are known to have effects on bone formation, maintenance, and remodeling, and there is evidence that mechanical stresses induced by mastication can influence (both morphologically and molecularly) rodent craniofacial tissues as well (23, 24) . By decreasing the mechanical stress during feeding, we have demonstrated that a periostin-expressing PDL is required to absorb and/or mediate the stresses placed on the teeth and their attachments to the jaw.
The above observations suggest that the null ameloblast cells are fully differentiated but are unable to maintain their usual ameloblast morphology as an intact single layer under stress. Lack of organization of the ameloblast layer has been previously linked to loss of an intact basement membrane and epithelial anchorage (33) . Additionally, as ameloblasts become elongated upon differentiation, they could become more susceptible to mechanical forces during postnatal development. During the application of mechanical forces, positional information and cell-to-cell adhesions become critical prerequisites for the structural integrity of ameloblasts (2, 18) . Given the profound ultrastructural and histological changes in the ameloblasts and enamel defects in the peri lacZ null mice, we propose that the PDL plays an important role in supporting normal ameloblast function and maintenance of the enamel matrix, and that periostin, an adhesive molecule, may be required for this role. This requirement appears to be necessary only under particular circumstances, specifically when the periodontium is sustaining significant amounts of mechanical stress, such as in the case of occlusal function during mastication. The severities of these peri lacZ null enamel defects are underscored by the fact that enamel rarely undergoes catastrophic failure despite a lifetime of repeated loading, in a wet, acidic, and bacteriumladen environment (22) . Thus, the continued high expression of both periostin mRNA and protein in the adult PDL ECM may indicate that periostin maintains the PDL as a nonmineralized barrier tissue and as a renewable source of cells required for the regeneration of the alveolar bone and root cementum. Further studies are under way to determine the potential role of periostin in the alveolar bone regeneration process and to determine whether it is also affected during the pathogenesis of periodontal diseases.
Conclusions. Combined, these data suggest that periostin may be required in utero for events that manifest themselves only in postnatal life, but that it is not essential for in utero survival. These data firmly establish that the postnatal maintenance role of periostin is vital. Specifically, they demonstrate that periostin is required for the maintenance of the postnatal PDL and that a lack of periostin leads to traumatic dentalalveolar stimuli and an increased susceptibility for bacterial invasion, which leads to a severe inflammatory and immune response. Future studies are required to determine which specific proinflammatory cytokines (12) that stimulate the formation and activation of osteoclasts that ultimately leads to the observed jaw bone loss and external root resorption are induced. Furthermore, the rodent incisor's lifespan-lasting enamel organ defects observed in the peri lacZ null mice led us to propose that periostin is also required for the integrity, absorption of mechanical stresses, and anchorage of the ameloblast lineage and that a lack of periostin leads to defects in ameloblast morphology and function that result in the secretion of inappropriate amorphous matrix and abnormal enamel structure, ultimately resulting in enhanced tooth wear.
